Purpose: Reduced bone strength is associated with a loss of bone mass, usually evaluated by dual-energy X-ray absorptiometry, although it is known that the bone microstructure also affects the bone strength. Here, a method is proposed to measure (in laboratory) the bone volume-to-total volume ratio by single-sided NMR scanners, which is related to the microstructure of the trabecular bone. Methods: Three single-sided scanners were used on animal bone samples. These low-field, mobile, low-cost devices are able to detect the NMR signal, regardless of the sample sizes, without the use of ionizing radiations, with the further advantage of signal localization offered by their intrinsic magnetic field gradients. Results: The performance of the different single-sided scanners have been discussed. The results have been compared with bone volume-to-total volume ratio by micro CT and MRI, obtaining consistent values.
INTRODUCTION
Diseases associated with an increase in bone fragility and susceptibility to fractures, like osteoporosis, are a major public health problem, with a high impact on the quality of human health (1-3). They determine not only an impoverishment in the life of elderly people, but also an increase in the costs of health care. Methods to improve the early detection of these diseases are an important task for national and international health organizations. To prevent the worsening of the bone conditions, wide campaigns of screening of the population at risk would be desirable. This implies the development of techniques that can be applied easily, with no radiation hazards, at low cost, and based on portable devices. Dual-energy X-ray absorptiometry (DXA) is considered the gold standard for the diagnosis of osteoporosis. It uses ionizing radiations and provides a measure of the areal bone mineral density (BMD), but does not provide any information about the microstructure of the bone (3, 4) , while the strength of trabecular bone to resist fractures depends not only on BMD, but also on the architecture of the trabecular structure. Much epidemiologic evidence has shown that low values of BMD can explain approximately 50% of the incident fracture cases (5) . This is because bones might have the same BMD, but very different structure parameters, like porosity.
Microcomputed X-ray tomography (micro CT) is particularly suited to investigate the structure of calcified tissues at different scale lengths, but it requires a high Xray dose and is performed on small samples, and therefore not feasible in vivo.
Nuclear magnetic resonance appears to be a good choice, as it does not use ionizing radiations, and laboratory studies have shown the ability of NMR to assess structural properties of bone with different techniques, ranging from relaxometry (6) (7) (8) (9) to diffusometry (10, 11) and magic angle spinning spectroscopy (12) . Magnetic resonance imaging allows one to assess bone structure in vivo (2, 11, (13) (14) (15) (16) (17) (18) (19) (20) (21) , but most of the work has been done using high-field whole body scanners. One proposed way to perform more manageable MRI analyses is the use of more compact and lower magnetic field scanners, for imaging trabecular bone structure on local body parts (22) (23) (24) (25) (26) . Unfortunately, all of these devices could hardly be used for wide screening campaigns.
In this work, a method is proposed and validated to assess the bone volume-to-total volume (BV/TV) ratio (also called bone volume fraction) on trabecular bone specimens, through single-sided NMR scanners. The BV/ TV ratio is an important parameter to evaluate the microstructure of the trabecular bone (27) .
The main feature that differentiates a single-sided apparatus from others NMR scanners is the detection of the signal from a sample external to the magnet. These devices (28) (29) (30) (31) (32) are based on open NMR sensors and are equipped with a permanent magnet, able to detect NMR signal outside the magnet, regardless of the sample sizes, outside the laboratory or the hospital. The idea is to combine the advantages offered by a compact, portable, low-cost, low magnetic field apparatus, with the possibility of spatial localization of the NMR signal, offered by the intrinsic magnetic field gradient of the device. The portability of these scanners would offer the further advantage of allowing the screening of population with easy and low-cost protocols.
Single-sided sensors have been applied to detect water contained in the skulls of mummies, and it has been suggested that these devices have the potential to replace destructive measurements by mercury intrusion porosimetry (30) , highlighting their potential to assess microstructure-related parameters.
The procedure proposed in this work is based on the evaluation of BV/TV on well-localized sections of the samples by means of comparing the NMR signal from the bone sample with that of a reference sample made up of bulk marrow. The assumption is that the NMR signal of trabecular bone is obtained from the bone marrow inside the bone. The higher the signal intensity is, the lower is the BV/TV. Three different single-sided devices with different characteristics, and an MRI scanner, have been used to measure the BV/TV on animal model samples. The procedure was validated by calibration tests on phantoms and by the comparison of the results obtained on the same animal samples by micro CT.
The goal of this research is to validate the use of these single-sided NMR scanners to measure BV/TV in laboratory, as a first step toward an application in vivo.
Although DXA is the gold standard, a method based on single-sided NMR scanners could give information on the resistance of bone to fractures by means of the BV/ TV parameter. Screening campaigns based on this method could be promoted to individuate subjects at risk of bone diseases, to be later subjected to DXA.
METHODS

Nuclear Magnetic Resonance Single-Sided Devices
We used three different single-sided devices: NMR-MOUSE (MObile Universal Surface Explorer) PM10 and PM5 (Magritek Ltd, Wellington, New Zealand) and the NMR-MOLE (MObile Lateral Explorer), a home-built prototype (31, 32) . These devices are driven by the NMR console Kea2 through the proprietary software Prospa (Magritek Ltd), allowing one to program and perform the NMR experiments and acquire the data. Table 1 summarizes the main parameters of the three scanners. While the NMR-MOUSE devices are characterized by a constant magnetic field gradient, the NMR-MOLE presents a sweet spot in which the field is relatively homogeneous. It is still highly inhomogeneous when compared with non-single-sided devices (such as clinical MRI scanners), but it is much more homogeneous with respect to the magnetic field of the NMR-MOUSE. A recent paper (32) shows a procedure to estimate the field gradient distribution of the NMR-MOLE using a D-T 2 correlation experiment. The average field gradient present in the sweet spot was found to be 0.6 T/m.
The NMR-MOUSE devices were equipped with a highprecision lift for automatic up and down movement of the magnet. They were also equipped with spacers, each with 2 mm of thickness. One or more of them can be inserted between the permanent magnet and the radiofrequency (RF) coil, to change the distance between the coil and the sensitive volume. The more spacers are used, the better is the sensitivity (at the cost of a reduced penetration depth), and thus the shorter the acquisition time can be. The general setup of the NMR-MOUSE is explained in more detail in the Supporting Information, including the use of the lift and the spacers that allow one to optimize its performance (Supporting Figs. S1 and S2). Because of the presence of the constant field gradient, the thickness of the sensitive volume of the NMR-MOUSEs can be calculated as 1/("pulse length" Â G), in which G is the intensity of the field gradient expressed in terms of frequency. For pulse lengths, see Tables 2  and 3 . A 2D correction function f(x,y) has been obtained for all instruments for the proper correction of the NMR signal, which expresses how much signal, in percent, could be detected from a voxel containing the same amount of 1 H nuclei, as a function of the position inside the sensitive volume.
For the comparison of the three scanners, the presence of the spacers in the NMR-MOUSE PM10 and PM5 was exploited. In the case of NMR-MOUSE PM5, all of the spacers have been inserted (4 mm) so that the penetration depth was 1 mm. At this depth, the signal-to-noise ratio (SNR) is the maximum achievable by that instrument. For the NMR-MOUSE PM10, the measurements have been performed both in 0-mm configuration (no spacers, 11 mm of penetration depth) and 8-mm configuration (four spacers, 3 mm of penetration depth). The slice thicknesses we have chosen for the NMR-MOUSE PM10, both in 0-and 8-mm configurations, and for the NMR-MOUSE PM5, are provided in Table 1 .
In Supporting Figure S3 , we show examples of raw data acquired with the three single-sided scanners, illustrating the SNR ratios in different scanners and configurations.
Pulse Sequences
We used the Carr-Purcell-Meiboom-Gill (CPMG) sequence for the transverse relaxation decays T 2 and the saturation recovery (SR) sequence for the longitudinal relaxation decays T 1 . Table 2 summarizes the parameters used on bone and bulk marrow samples for relaxationtime characterization, and on the first set of samples for BV/TV evaluation. Table 3 summarizes the parameters used for the comparison of the different scanners.
Inversion from Experimental Relaxation Curves to Relaxation-Time Distributions
Both longitudinal and transverse magnetization curves were analyzed by the UpenWin software (33) , which implements the inversion algorithm UPEN (uniform penalty) (34, 35) to obtain quasi-continuous distributions of relaxation times. The NMR signal used for the BV/TV analyses is the extrapolation to zero time of the CPMG raw data, estimated from the computed distribution of relaxation times.
Magnetic Resonance Imaging
Magnetic resonance imaging scans were taken with a Bruker Avance 400 System (Billerica, MA) ( 1 H frequency of 400 MHz). It is equipped with a 9.4 T superconducting 89-mm vertical wide bore magnet. The RF coils for 1 H and 2 H imaging ranges from 5 to 25 mm in diameter, which are used in combination with a Bruker Micro2.5 micro-imaging gradient system. The 25-mm RF coil has been used for the analysis on the bone, performed with a spin-echo imaging sequence. The sequence parameters used are: echo time ¼ 11 ms, repetition time ¼ 20 s, field of view
Bone Samples
Measurements for the Determination of BV/TV by NMR-MOUSE PM10
Six cylindrical samples of pig bone were used, of approximate diameter 1 cm and height 1.5 cm (Supporting Fig. S4 ), cored from different sites of the pig shoulder and labeled as TB1, TB2, TB3, TB4, TB5, and TB6. The samples were chosen to cover a wide range of BV/ TV.
Measurements for the Comparison of NMR-MOUSE PM10, PM5, and MOLE
A trabecular bone sample cored from a pig femur (cylindrical shape, diameter 2.5 cm and height 1.5 cm), labeled Bone III, was used for comparing the performances of NMR-MOUSE PM10, PM5, and MOLE in assessing BV/ TV. The sample is shown in Supporting Figure S5 along with the bulk marrow sample, used as the reference. In this experiment we needed to compare the performance of different single-sided scanners. Ideally, the best way would have been to perform the analysis with each scanner on the exact same slice. Whereas we can choose the sensitive volume position and thickness with the NMR-MOUSE, with the NMR-MOLE we cannot change the sensitive volume position and thickness. Thus, it is impossible to assess exactly the same region of the sample. To overcome this problem, we have chosen to perform the measurements on a sample in which the BV/TV was supposed to be homogeneous among the sample (Bone III).
Relaxation Measurements for the NMR Characterization of Trabecular Bone and Bulk Marrow Samples by NMR-MOUSE PM10
Transverse and longitudinal relaxation time curves were acquired with the NMR-MOUSE PM10 (8-mm configuration), with the conditions summarized in Table 2 . For the bulk marrow sample, a profile measurement was also accomplished with the NMR-MOUSE PM10 (0-mm configuration). It consisted of a CPMG experiment repeated at different depths inside the sample. The excited slice thickness was 115 mm and the step size was set to 0.5 mm for a total depth of 11.1 mm.
NMR Protocol for the Measurements of BV/TV
To reduce the duration of the NMR experiments, the following protocol was applied. Immediately after coring, the samples were deep-frozen. Before NMR, the samples were thawed and left at room temperature for 1 h and 30 min. The NMR signals were acquired with the CPMG sequence (Tables 2 and 3 ).
To measure BV/TV, it is necessary to know the signal of a reference. For this use, bulk marrow samples were extracted from the tibia of the pig and analyzed with the same procedure adopted for the bone. By taking advantage of the fact that the signal of the bone and bulk marrow are generated inside the same volume (see the following paragraph for more details), the BV/TV parameter can be computed as
where S bone is the NMR signal from the marrow inside the bone sample, and S bulk marrow is the NMR signal from the bulk marrow sample.
Measurements by NMR-MOUSE PM10 on the First Set of Bone Samples
Four different CPMG experiments were performed (total time of 12 min) ( Table 2) , with the sample placed horizontally over the MOUSE. By moving the MOUSE with the lift at the suitable position, the CPMG signal was acquired from a sensitive volume (thickness of 115 mm), which base was located 5.4 mm from the surface of the coil, corresponding to the central section of the sample. The central section was previously determined by a profile as the section with the maximum signal. The four CPMG experiments were performed after rotating the cylindrical sample 90 around its longitudinal axis (Fig.  1) . The average of the four CPMG data gave the signal intensity, and the standard deviation furnished the error. The samples had the same size, so after the calibration for one of them was made, the same region at a wellknown depth inside the sample for each sample was intercepted.
Measurements by NMR-MOUSE PM10, PM5, and MOLE on Sample Bone III For this experiment, the same procedure was followed without the rotation of the sample, as it was placed with the main axis orthogonal to the coil surface (total time for each experiment was 2 min and 30 s) ( Table 3) .
Sensitive Volume of the Single-Sided Scanners
One important characteristic of the scanners used is that, working at a given configuration, with a given choice of the measurement parameters, the position, shape, and sizes of the sensitive volume from which the signal is detected do not change when measuring the bone sample or the reference bulk marrow sample, from which the BV/TV ratio is computed. Each signal is taken from a volume that is the intersection between the sensitive volume and the volume of the sample. Hence, as long as this intersection is the same for both the bone and the bulk marrow sample, the operation is valid. Under this constrain, the sensitive volume can rest inside the samples or not. In contrast, for future practical applications in vivo, to simplify the comparison with the reference, the sensitive volume should be completely inside the sample. In our laboratory conditions, it was sufficient to know, with a suitable accuracy, the position, the shape, and the sizes of the sensitive volume. This was done in preliminary operations of mapping the sensitive volume of the devices by sampling the NMR signal of a probe sample in different positions inside the RF-coil area.
Calibration on Phantoms for the Measurement of BV/TV by NMR-MOUSE PM10
Calibration experiments were performed on a set of phantoms in which the BV/TV ratio was easily computable by the geometry of the system. Four phantoms were created by filling a cylindrical glass container (diameter ¼ 13.20 6 0.05 mm) with a water-in-oil emulsion. To obtain samples with a known fluid volume/total volume (complement to 100 of the simulated BV/TV) on a wide range of values, glass tubes (simulating the bone matrix) of different known diameters were embedded in three of the four phantoms, as depicted in Supporting Figure S6 . Phantom sample Z (PZ), used as reference, had BV/TV ¼ 0%, sample PA was characterized by BV/ TV ¼ 15.5 6 0.3%, sample PB by BV/TV ¼ 30 6 1%, and sample PC by BV/TV ¼ 55.1 6 0.4%, in which the errors were estimated by the error propagation. The NMR estimation of the BV/TV ratios of the phantoms PA, PB, and PC was performed using the same procedure used for bones.
Microcomputed Tomography
Micro-CT investigations were performed after NMR analysis, because during preliminary measurements on other samples, a loss of NMR signal was observed during micro-CT measurements, as a result of the evaporation of the liquid component. Fig. S7 ). The X-ray source was set at 50 kV and 200 mA with a resolution (pixel size) of 20 mm. Each scan was performed with a sample rotation of 180 on its axis, with a rotation step of 0.9 , producing 206 projections. Supporting Figure S7 shows the device and an example of 2D image reconstruction. Cross-sectional images are obtained from the projections by use of NRecon reconstruction software version 1.6.8.0 (Bruker MicroCT), with the application of a beamhardening correction of 24% to reduce artifacts. The reconstruction process produced a stack of 997 images in 8-bit bmp format. A global thresholding is applied to binarize the images, and the software CtAnalyser version 1.14.4.1 (Bruker MicroCT) is used to calculate the BV/TV of the sample. In the samples containing cartilage, the micro-CT results (bone þ cartilage BV/TV) have been calculated as follows. We selected two regions of interest (ROIs) for each trabecular bone micro-CT image: one in which only the cartilage matrix was present, and one in which only the bone matrix was present. Because bone and cartilage have different X-ray attenuation coefficients, it was possible to identify the regions in which cartilage and bone were present by selecting the optimal thresholding values. For each thresholded ROI, we were able to calculate the total volume as well as the bone or cartilage volume. The BV/TV is the ratio between these two volumes (white pixels/total pixels).
To make a correct comparison between BV/TV obtained by NMR (Eq. [1] ) and by micro-CT in the measurements on the first set of bone samples, care has been taken to analyze the same four slices by NMR and micro-CT. Using a reference sign marked on each sample, and knowing that the NMR signal was obtained from a 115-mm-thick slice placed at a depth of 5.4 mm inside the sample, it was possible to obtain a correct comparison for each sample, even if the positions of the slices could have been slightly different (within the resolution of the micro-CT).
Evaluation of the BV/TV Errors in the Comparison of NMR-MOLE, MOUSE PM5, PM10, Micro-CT, and MRI
The error associated with the values of BV/TV has been computed as follows. Regarding the NMR measurements, in the case of the NMR-MOLE and NMR-MOUSE PM5, the error was evaluated by computing the standard deviation, from repeated measurements of the same slice, for both the trabecular bone sample and the bulk marrow sample, and by computing the final error using error propagation. For the NMR-MOUSE PM10 case, in addition to the standard deviation of repeated measurements as discussed previously, a further contribution to the error has been evaluated by exploiting the lift. The signal coming from five slices above and below the selected slice was detected in the bulk marrow. Then, the average value and the standard deviation were evaluated. Although the bulk marrow should be quite homogeneous, small changes in the composition are possible, and the resulting NMR signal can be slightly different. The two sources of uncertainty were then added in quadrature. Another source of error could be the uncertainty in the position of the selected slice. For the NMRMOUSEs, this error was negligible, as we performed the measurements in the set-up "home," a condition in which the position of the sensor is reproducible with high precision.
Regarding the micro-CT and MRI analyses, the main source of uncertainty is the choice of the threshold value for the segmentation of the image. Hence, the BV/TV ratio of images was evaluated for different threshold values in the interval ¼ "optimal threshold value" 6 5%. The optimal value was evaluated by standard methods. Figure 2 shows an example of the longitudinal and transverse relaxation-time distributions of the bulk marrow and one trabecular bone sample. No significant differences appear. In both cases, T 1 shows a broad distribution in the range of 10 1 to 10 3 ms. The T 2 distributions are also broad, in the range of 10 0 to 10 2 ms. This allowed us to be sure that (i) there was not a bias on the amplitude of the detected signal as a result of a T 1 and/ or T 2 contrast, and (ii) the signal detected from bone samples came from the marrow inside the intertrabecular spaces. Supporting Figure S8 shows the profile along the height of the bulk marrow sample. In such a homogeneous sample, the signal is constant within the errors, as expected, in the presence of a constant signal-detection efficiency. Figure 3 shows the results of BV/TV measurements on the first set of samples, along with the corresponding calibration test on phantoms. The NMR BV/TV values for the three phantoms are plotted as a function of the predicted nominal values and lie on the main diagonal, with a very good correlation coefficient (R 2 ¼ 0.999). Supporting Table S1 provides the BV/TVs determined by micro-CT for bone, cartilage, and for both considered together, along with the NMR values. For this comparison, the definition of BV/TV is expanded such that cartilage may be taken into account in the BV. The NMR BV/ TV values reported in Figure 3 for the first set of bones are plotted as a function of the micro-CT values, assumed as nominal values. In four samples (TB1, TB2, TB5, and TB6), the differences between NMR and micro-CT values are within the experimental errors. Figure 4 shows the micro-CT images of one analyzed slice for each sample, revealing high inhomogeneity among the samples and inside each sample. Nevertheless, as shown in Figure 3 , a good linear correlation is obtained for these heterogeneous samples (R 2 ¼ 0.923) as well.
RESULTS
Characterization of the Bulk Marrow Sample (without Bone) and the Trabecular Bone
Bone Volume/Total Volume Measurements on the First Set of Bone Samples by NMR-MOUSE PM10 and Related Calibration Tests on Phantoms
Comparison of Different Single-Sided Devices
In light of future in vivo applications, and to have a wider applicability and a larger SNR, a device characterized by a more homogeneous magnetic field and a larger sensitive volume would be preferable. Therefore, the performance of the two NMR-MOUSEs, with two different depth capacities, and used in different configurations, was compared with that of the NMR-MOLE prototype, as shown in Figure 5 on Bone III. For the NMR-MOLE, the contour of the slice is dotted; for the NMR-MOUSE PM5 it is dashed; for NMR-MOUSE PM10 they are solid. Because the three devices have different sensitive volumes, each device detects the signal from a different slice inside the sample, as sketched in Figure 5 . Table 4 lists the results of BV/TV in the corresponding sensitive volumes as measured by NMR, micro-CT, and MRI. For the latter, a suitable ROI was chosen in the center of the image, to exclude areas of reduced signal intensities near the edges of the sample. In Supporting Figure  S9 , an image of approximately the same slice of the sample acquired by MRI and micro-CT is presented. Figure 6 shows a micro-CT image and three examples of thresholded images used for estimating the standard deviation, assumed as the error reported in Table 4 .
Although there is a bias between the micro-CT values and those obtained by NMR and MRI, the data in Table  4 are consistent. The important result is that the NMR technique performed well with consistent results compared with micro-CT, even for different single-sided NMR and MRI scanners (each with its specific limits and advantages). The BV/TV of this sample, evaluated in different slices, is constant along the sample. In fact, micro-CT and NMR data obtained on the different slices do not show variations and are contained within two standard deviations.
DISCUSSION AND CONCLUSIONS
One important aspect of the work was to transfer techniques and knowledge from the field of NMR studies for fluids in porous media to trabecular bone. This natural material can be considered as a porous medium, in which the marrow is the material filling the pore space. The goal of this project was to test the feasibility of the determination of the BV/TV ratio in trabecular bone tissue by using single-sided NMR devices. The BV/TV is an important parameter to characterize the resistance of the bone to fractures.
The NMR signal of water has been detected with single-sided sensors on the dry skull of mummies (30) . This is likely the signal reported for water of cortical bone with a higher homogeneous polarizing field in (8) . The same signal has been observed, with the same high homogeneous field, in trabecular bone and assigned to intratrabecular water; it was distinguished from the intertrabecular fluid as a result of its shorter relaxation time (9) . With high SNR and short echo time, as reported in (9), the intratrabecular water signal could be detected. In our experimental conditions, only the intertrabecular fluid was detectable. Moreover, we found similar relaxation-time distributions for trabecular bone and bulk marrow samples (Figs. 2a and 2b ). For these reasons, in the present work we are confident that the detected signal is attributable to fluids inside the intertrabecular pore space.
Measurements on phantoms of known porosities allowed us to demonstrate the goodness of the adopted procedure, as we were able to reproduce the expected BV/TV values of the phantoms with high accuracy and precision (Fig. 3) .
A critical point of the proposed method to measure BV/TV could have been an effect of the pore walls' relaxivity on the relaxation times of the confined marrow, which could have affected the bone data, but not the bulk marrow data. The relaxation-time distributions presented in Figure 2 , for both the marrow confined inside the trabecular bone pore space and the bulk marrow, allow one to exclude this possible bias on the BV/TV determination. The good agreement between NMR and micro-CT BV/TV on the same set of bones has further strengthened this conclusion. In this study, different devices were used: the NMR-MOUSE (PM10 and PM5) and the NMR-MOLE. Of course each device has its advantages and disadvantages. The NMR-MOLE has been designed to have a sensitive volume in which the polarizing field is relatively homogeneous, whereas the NMR-MOUSE has a constant field gradient in the sensitive volume. The NMR-MOLE has the largest sensitive volume, and this not only assures the maximum SNR, but it makes the measurements less sensitive to the changes in the BV/TV along the sample. The NMR-MOUSE, on the contrary, assures the possibility to select the depth and the thickness of the slice inside the sample, but the SNR can be very low. Because of the different sensitive volume sizes, we chose a very homogeneous bone sample for the comparison of the scanners' performance. The results showed very good agreement.
On the basis of these results, the BV/TV values can be evaluated using single-sided NMR. The values obtained by NMR and micro-CT on samples representative of a wide range of BV/TV (20-55%) were consistent. The differences observed for TB3 and TB4, samples extracted from the same body site, could be due to many factors. In addition to the difficulty in evaluating the contribution from the cartilage, one has to consider that the positions in which the BV/TV values were determined by the two methods can slightly differ. Moreover, we cannot exclude the problems arising from damages as a result of the sample handling during the freeze-thaw cycle in between the two series of measurements.
On a very homogeneous sample, the micro-CT, MRI, and NMR showed constant results of BV/TV in all of the examined sensitive volumes ( Table 4) .
As anticipated, the goal of this research was to validate the use of these single-sided NMR scanners to measure BV/TV, as a first step toward an application in vivo. A negative response would have ruled out any further investigation. This positive response is useful in itself for laboratory analyses, like porosity on bone specimens, and, more importantly, it opens up the way for further developments in in vivo applications.
Of course, the transfer from laboratory to in vivo requires one to consider and solve sources of errors, which did not affect the tests performed in laboratory. One of these is the location of the sensitive volume. In this work, we did not need the sensitive volume to be completely inside the bone. Our efforts were to satisfy the condition that the intersection between the sensitive volume and the volume of the sample was the same for the bone sample and for the reference (bulk marrow sample). For applications in vivo, the optimal shape of the sensitive volume really depends on the skeletal site of the body in which the measure will eventually be performed. The optimal condition is when the sensitive volume of the scanner is completely inside the trabecular bone structure and it does not intercept surrounding tissues. This condition may not always be achievable without redesigning the single-sided device. For example, we considered the finger as a possible site of interest. In this case, the size of the sensitive volume of the used scanners could hardly accomplish the condition in which only the trabecular bone structure is inside the sensitive volume. Procedures established for bones in different parts of the body, to be analyzed with properly designed devices, could also take into account the possible different composition of the marrow.
Another important source of errors could be the presence of tissues other than bone, such as muscle or cartilage, which might be intercepted by the sensitive volume. A further development to avoid this source of errors could be focusing on selectively filtering the NMR signal (ie, exploiting the diffusion). In this perspective, we have measured the self-diffusion coefficients of the muscle, the cartilage and the marrow, finding for marrow a factor of 10 À2 with respect to muscle and cartilage. The measurements were performed with the NMR-MOUSE PM10. In Supporting Figure S10 , the distributions of self-diffusion coefficients for these three tissues are shown. Such a difference suggests a strategy to selectively suppress the signal coming from the cartilage and the muscle tissues, and to detect the signal only from the marrow, by filtering the NMR signal by diffusion. Preliminary experiments have shown that with a diffusionweighted pulse sequence it is possible to detect the signal only from the marrow tissue present within the intertrabecular spaces, by suppressing the contribution of the muscle and the cartilage.
In summary, the obtained results demonstrate the feasibility of the method, and constitute a first laboratory step toward the more ambitious aim of proposing a procedure for the diagnosis of osteoporosis in vivo. One of the major advantages of the single-sided scanners is that the sample can be of any size. Another relevant advantage is their low cost, if compared with the MRI wholebody scanners. Moreover, they are portable and do not use ionizing radiations. These characteristics make the method eligible for screening populations at risk of osteoporosis, even if further work is necessary to translate these results to in vivo protocols.
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